


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1992-09 


The role of particles in recrystallization of a 
thermomechanically processed Al-Mg alloy. 


Rogers, Stephen Andrew 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/24029 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 


/ (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist : Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

; | LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 






Ld LE Dcdet LX at -o 
hat oP tae shor " 



























































































































































































































































































































































































































































































































































































































































































© o.6 1 ey {et wad 
aes a 1.1 
‘ ; ote of nt 
' A 1 (2 yh e iF othal 
a Coa ‘$4 o's i ue 5 Suit aa oA HG Rew g hse avers 
-* F) abu Javge a %. an 
: CEO | eae a es tat nt wte eet Nise peat if cfs sarah sal at ee eapios yet 
cals 3 ‘ ~ Shares tare ahs , ie een gp ta ted Nant aa anata epee) ty fe 
' ® 2 Tatu sfaet Lie ee ia fgas by eee saan fe a i Sa te Sowa tes. 
De Pn ay yi 3 tarkiie “ie ated : Aan et Syegt ap ore br oAaa bE atc iy pebet orwtnnader sy avon 
‘ yo. . aan iA ‘ 2 wy teae' 
2 al i . 1” odtee Ped ohare? Tit Und parses ‘ rahase bene dapat: = oes z * dass eh eee eee eer tad. 
en ato t ots at sas A ahi Ba aha ryt Topas fot) te oar 
f Lg Fo ; aa 4 Sy Rrretasens ¥ p atts a orbea ‘<a 
‘ 0 ‘ * waraodare eho M is agtad 9 a8 nies: 1H LD 9 i) Pek + Fides ce ¢ hay pases np, \atpe 
z mh . pahgiee satel rahe: BP eS sahvmabyanies parar? 1 et ie ebotiee ; Pde i His - 
: , a: eee seman tang be “glove ale ste AN rteet skh de seeneut tai, ponspepes ae orbet en: 
Ph 
‘ ’ - te Byer te alt ar pad te < aPavarangeanene ie ge 
‘ : 4 far aity bt, Bi Ped akon tert 
‘ ' ' , oes, 7 * Rees the Rie “ay pmbar geerpt Smenes 
. ‘ y ‘~! ahet rah ve ” fal aPas aber § ) ry 
ree Nero Sl Rigs ie ie if Vy ra ee 1 ® eaias 3.8 aftr ahetes i 
. * » ; s Hare a? We 
eee Oe aera A a te By Naas ate aga eas RRR ite ete iat 
a 4 f ae . ; TNE sat pee eo any fase” hate Cet: Ng ly ge Vatyerge e aie 
Gy a a ' ah one } i473 eid at ratte beef hia esi ie sinps 
i as = ay Fe PPE eit eee eo saahae erate 
5.’ > se p74! my he tatipa Ape ey, Sopoys Se 5 Bs sadeseta tach ina? 
erage aptee HBF ] mo v 
, d Te et Oe Ste A Aer ane e URS i ante : via aie iia Bite abstgtets Stouts 
i | * = P ree Bears bet, yo ‘He 7 bel Tagsa 4 sal 
» ong ; oe, be sin ‘ed ‘ iy ee) 3% 4, a) i420 are Ae een ott tS ay “¢ Teg heh Ay : Sp ayers! eee AS aE Ris sprereeee ESR i 4 
. $ oa cea C4 ae tA “ave fread’ ¥S": fA ed ae Sarees 3, ite frp tyres ests ite hit ia i 
aes PA BRL CN ei Ft eae teres raat ‘ heat teat elise i ates saghalekg pease eRe 
: teks Ort wer rde eateong 4 x Pte eae ‘pWeber ahaha? a tas pa) EM se ty Ps “33 
. va oy, de ; ivedad. {ites rm a lel as vet ‘ {'s at" 1; tet 4 fi phuv ie ee td ont ‘ “ . CFE ta ie wee, Sagar soared y erat ehig oh 3 ro i 
es at Heyl en iol ihe tye ceaes Cee Rated Bi habais iboats: 
d J seis : val nts ry ane mah eran: ae 9 o> DGD es 
: it iy im Chee pea Aplin sa «Seg i sity 
. t Ys $ ah J Lk Wass Fete nity 
#t i . fish 4? Nass Paar fphabeehs Wines af oP wei i or vue tetaaet 
oe i : a ity! ity sogttaly ’ pine renngt? ne gate renal " ote tei Pity ses 
Sea Ate payee at dighebespaDageehs intense Meaee sheath adadetgagsetg aah Megtete apie aetge 
r i ‘ Pat 958 spree tie se ie SET TAT i aly Sant stakeeet moana a asstieey a sane 
ar aR. a ’ B erBadahe* ipovande: ao spynatgeeys isles 7 etedgtgechihctems ees pantohsrs i 
. & - ee bs tarde ephed kons +135 oth vAe meat £4 8 a ES tha ee Ph 
‘ ’ , te . my tara Party 5 pate catesa lhe eat b mata oui a Serer plein? ope 
y 5 1 pel tn ; aha»: ry} a” 
’ 4 , ; a! art ; fai. rer EAL nite Ty ees te 7 siete: stp aighedets mts . cee 
ACe ey * Lies 4 sephte a* ite, ight hee ‘4 a igh 64 et wuss a rope gta at yhava tetas ope atet dey ots : ome Cares! eas 
a ‘ peat we vine® wt Sah) La ay Pe 7 fats Oe paid re} pa Pe r Bred an We es pin ntt 
Mg ' yt ‘ R ee iee On 4 Bhs Abit ek ‘ata? ‘ 
. a at i - " ‘ Melk de ty) ‘ leita! $, a 
‘ : , a a | We ee yt 7 Parererer fa ay sf esi a i one: 
: U % ° H iB ‘ Se le otan Chat i: aba areas ; pees 
oi P = 5 ; Be ives Rey 8 } . J 3 ‘ ae od Pay sister ile NF “te A dap AD ea 
, . . . A 
$ = - . ts F y au 7 ¢h. Sa Rt st eaghivy ise s8g19" es aig mtn 
‘ ox gies ok og ete ECP A Roi On aaa Sas ‘ 4 as ee Lae fe Bat beth i : 
F aa as * a ‘ ry rhe Ld {, ¢ Ce a t,' To Gk tae ° 
or ao 3 * game @ yt gees ag»! aac sie Oreo 8 SRE OE alate 0, vk ’ Kas ih ol 
. ‘ ; ‘ ' is * 12 7; otaae bP ar ganery ait poets hy yh es rece 0 yes phe é 
4 } F ste ' ts 1 dy pen Nye atetahgty fide nee wens 18 RM ae ites = ua Te 
: » ‘ ee ' Ake ’ Pair te Meer 3 yt Sa} 1, i we ated te 
i P * aah y fbi he oar fs Cee fa art ty a 4g be ae * ante Sit Ih Av rea ar ‘ a 2 METAR RS aKa le 4 
wo Ae ; Fi iy Boas Weyl arate? PUR ap naan he” at bt PAP ei cree ee ants 
P ! “2 4 N (ely "6 ° ae not he third Mives Ar gee fe s'¢ 
' ' 4; 4 a ae yee d’ ele e Ne ry yiges so te te es Men oF pred 
' ; cate Seigiy ER iis 4 (anataded cosets tals bythe} ead ae ie 
; obs 3 4 
> yh vi ned Le im rie seo i ease xii 
at hq : .! oY = RP 3 geese! 
‘ ai a any 
f° ah,? ¥ ais 3 
oe i 
‘ rate ri ndt ey: 
aK 
‘ 2 , ‘ay 
r Pet] ‘ Me 
Ke Mes tA oadt 
aac te SsFaip hee i, 3 
’ 
t 
io ReMi ra 4 re ni = 
e tah ¢* nat 
P Ne atgre ALLS Ents Ore ic 
s i, ents Mate te os 
: “sek et oer 
? ‘ a" 
: ies 
' Me 
ae Sets 
. ees 
Sete 
, 
ee. 5 ’ S 
q 
. ¢ ‘ 
: nar 
t ‘ oe 
L ‘, 29, 
: 1 8 e te velba i Bye ae 
Ny Sra ak 
- ‘ id atges 6 aa < i Pe iti x A, ba 
° . * { Al wt, 
ri te ae 
t Ra? Be Y 
t ' 
P , . 
4 , = , 
ri ’ 
A ‘ ' ‘ 
‘ 5 
o, : tn ! 
F 3 : * 5 
et 4. 
t ; ' 
. . 
’ r 4 
: 5 aL 7 : 
‘ ie tH 
pe ie: 
’ 8 
J F 
. r ate 
nay 
he 3 : 
. Be ; 
Leet ° 
‘ 
" 
‘ ‘ : 
. 4 
’ Pe 
: ’ * iss 
Ld ta * 
oad? i, 
‘ as ia 
4 % ae ry] + ef i ety pat g 435-0, 8 
r ' ‘ts F ' t fae : ie ain oval far? by 8 is pie ves 4 
="s & “fe tae ; pete ary 
a on Seay a a 
iad t 
ne seus 
*. a ‘ ’ P Ww 
. ie. i? 4s 
iene oe = i" Br Pe 
be : tuys jy ber sole +e 
. = pee et 


yraevarde y “gs sarge s 


Se 





me Yoda ter dit, 












88g 


re 
pa ae ie 




















































































































































































































































































































































































































































































































































































ee “yb ih 
Pua y ay | ay 4 
oe t6c8 ayy ‘° The 
$y ea vse tree rt fe rm ue 
’ Le eet 
- A rare “i wt ait 
a oy . rave ite 
$ s wtocg a “f ra Ci oeheed 
A. So noe ema . 
Me ' Site 7 ET or dt Lae fe iu 
a ae geben at" fete e. 
*F f ta 8 + 
. . he oe ¢ edtyy_ get gh este 4 
gs o ¢ 6 ‘ 
1+ t ‘ eas te 
oh ptt aye ate 5 ack felt 
bh et AK f : hteeg ot rss ieee im Be Shag ste t elne dare feta 
P pdr shea ‘ ; ’ : met : : R Ca er Ae ye Se ; x, Ayres Wik phate ene’ getiy ae Peach ea 
ie + oyghe é 4 a Pits sar ne, 9 w% *- a vn dg? rm 'd 
te le tet Bgtye ee Bt Wedatet gl gees EyRdeege pte stang be AB MS: sts 3,433 uae, ey, : agg ge “ele 
Pao ae xa Pr A ae ed Ve aepeete! la (hi, ers ele eee pl vies te atrpys Ent af 
qv ahsd ‘@ shavgnae BPE “aby neat edad Jaieae ¢ 1.0 iy ie at shee oe nh {> 1° Wd ea aaa sels ro 
vs ; Te eoncely if < f petite bisa s optaked yt tge: paar TO Tacs id eon tg te 5 
Rie ane 4 ‘gtday fl Ty aaa ae . c ot 
' shan, ett te! ai. “ : Sie pees diecast tn gS Bre oe ee: * 
‘ r ‘y =: yw Oy? Fn ES med, P 
Mesertaeyt Se bl 7 wort tigate 
he : pa Rg” shoal 4 we swacis die 
*,! hia " “ne re tsA pfs H xt ah Deadbeat -b r 
ye few ie Ul pg ks rate? (Ag tegvrake Dpse grade ¥ acts 
ai earn oe eee tyebcpas se Seb eh: rp bea igo yy Pe a hee q ipa 4 i 4 ate 
? a aa ‘ep! vet , aide ne 1 oY ‘ ne ieee i ley Bash, k ony Pohyeatis . ee dee sa s peers ig alyet 
. Ream i Se ee Rigi h ari ira seth si meaniaese ae weeekheetat ei 
i dp gtish @ 44S Td yl 8 tN Ariat er La | Ns ee eah y pal hd id piste et sae yh . ese ried Dal tpt pk 
. sorte ee aa? Swat ta: ‘tet? ’ rr A i hy ig At sa ; weds? ett w a Cet: fe ee 
See. meas ighn i848 sets guveel staan ne wipes staat ee ee ieee 
* ’ sti » ! £ % , al 7 ay 2 + Set gryte: ® ae 
A ab 4 Sr aaa eit witht beet sed amy scape as er 
2 bauer * jPyseretot t ra nee cated re 
° sae Tyagi My 4 ash preresy: ¢ Linchtaeats exter 2 - 
* ? nad: ad ha EE hate eo a cae Pate Seee ge ee peste 
oe. A ab Eatag "98 aly ey kiss 4 rhe geig Ete sol Bom Ree AD 
An pana fa Has s¢ Fieseur, 4 Fe, Henk oh et seer £ pA ey ppt Bs 
Fy oped : ee tad +} rt Sea teehee rcs: mye, 
; ’ He vhs ay Ths dente ste 8 ou 644 ? * tose, aaa te ee aes eghaues 
F . Ae , ys 4 a A ae Te dese Tpe 0Pe trast eee, eye ele ngee lia nee renew et 
a aaa tt Tae oaks geen ae ge tthe g pathy ed age Vie et 2 epereremd ia Cages marete what Seeking ong asmeptavanent 
' a Be ae 7 0 nie : eae fer 5 4 Bote ta “er Ry tag a WP bh 97 A) Ti Lichetneee Any spe <9. ee Fy Tare eee atere® fap 
} om z a tye tehy V4 + Tend Th ke at rieD ‘i irae fetal ary nee ary beg Me pages sh ae water 00 f p= ire O74 mer. th eae meee aun Soe iad. 
Taek TE ORDER ar Beate ya “ciate nee tn Soa nabaceger tach eat blesses? 
oc ree yn orga Lae geste aes eth aeteehey oP 1) eyepteeg a $8 4 te Be sid gee sth i OR plat paresgtiey len pol ey 2 Pi a the wees 
' a) pagent wy Met ' ; 2 Og sy snaaey gta AYRE es rahe tertne ET fatag bh a widget bakes 
2 | pagan er etgrly ihe a Eee a See FA bide “avr es opr ahra hare peep 
ara? Miss Sra 4 eure ps asset ac eybera berg eae yer ate ites ° 
4" a4 “ i he bs adie} g Hheuew nas Bee : SLi kaae kines 
> : iy viene ey stot ees es SEA enn ie ape pe eren ban Be se seutattcre camstere verae bee cyan of mee vaeanaeern® 
rat Ke Mand “ae ide’ aun a, 212 a Rize Y wists $4 a aeaeoek*- <6 ran ea paaenreny as 
of aay a oa ae strait own eae re aT we aT mae iy 4 
‘: ope etiea® y >t hae a4 ata Sat 
f a ha Mitek fiw! ry Has} ote 4 & oo * ig Seige OOS Dem ayretent ‘ 
Hea aL tye mitats ’ aera THpNN ns A , wet 3 Fee Pe] “ i Wey ae eat a Bre WB abats “af ps Fee pes 
hehe Ph > aE le we oth eRe es Td pe teane* 33 Pare rat Gh, Pais seaeag ayaceseamere hry WS: ~ 
Pa Bes Re 3 i ’ a yee un Ayah dipry es tol" ts want as VATA TY rw ive gy > teat ea rs ee re 
> J Fat gep ott s 4 a tem he BL bok a bearer iced nee tut sent tl ae it fh hay EY Sl Atied! oa pA ea gt age $ gtd Le ide! 
hae eat DEM tae ey pig hese pea ye ee weg y thes *f 7” : Bet ON en kk a En TE wages tts eae} ids wan See po “Ente! x ache ilar 
Toby wpe a heg 1 B58 RADY en y la thems Bainikes 2 ily Se hgh 10 pe shame Pasian ava ema ey yoeralns 7 Lal 
aS I hay OOF AST ae Pusd Danae 4 p amine’ eis te hae mes arth omen payee’ ee Me “ye 
ite fa 4% pie eu beye se he a : a ayy eo “3 at rere Dae Pre eee ats Hi ae y a 
wit nyt te aty? me é yee hh led ‘eM LP hy 9 Cpa dal te arte p> 


Pht 
baby 









olgeitge ae Fae bast vayred 


Ne Uh 
aye 
as Taryies mel pt ate 4 eee ely 


Be Pio De eee | 
LT) ‘og ed et? 


Ler ae suns asytue 


































ue eae ramp oa Sy i 
vod degtcte! ah sheevtee Ronltaee tent ek #1 
Terie ey. us aa pipet? sstenate as prt ve aarlp see Av eis apa a sert 
oe Lae oo grate Bari mathe ser Pare 
ne “ 1 4 dane Tot, 48 © pot Ae" pute Wy BA TY rat 
rep tye anne oy meter Fite ie 


4 ata s9: 7 
ths ss Hineghant Cyt bate = Miigead, inten 
H sae ney up hed ass, Brey a ky tite Vad teed: siae 
pak ahh ptdag et eas ee " sariaythaob 3 









aT 
aS: pice ree F 
j tle wren Or eee HW a ajacaereh? Paap tres Gal ete “replete owe es ry 
A shay ure i Ly ratte eu ans) eg RE ig But eES 
aE ae saa stinttyret enteric rest ease pea feats seicetene 





4 fetiser pre . . Agen # 
8 aaa dupes cue sane ness detentares 






reponse 




















































































4 hl Bar ea 
sys dy yee Mae tad 28H s th Litute yt or hata 
rae sip a LL LE da S aeeahgeran tl eae Peed feat PM a AS ee tricone neat ronal tates pica aaemas a 
phe” ad % PhkT od ok 1 i ™, - > 2 
hg a ah rape Agree Ay ete ryt ae is fuk Nas | i inieea: 7 ve “ i Ett seamen sastinabecest Hey ae Sanya Cubes he ee 
Ate Wake de a tnt, 85 > Te thes Psp ee be pees 2 
™ «he Oa "3s % Ly {. Otte et ae 2% tm, 19 oy 8 tt Peace ies 
‘ ~ para UPA, nt aoe Steen sty sorbent smatie iene cette 3a, ze eed eebtieh aver nad mys ay Base errata jeatet yoret ays 
oth ‘. : fo cute 45 UN sy "a 3 Py bs tet . enpar' sapere ‘ hath efiaey reat Se a merre tT tT tales at aise 24) ae nee Se ete te 
care Ve ie atvie fu"? wt be . 72 Ny eee isha fre nye at 
stag yh wate faa ten, 42a ek ‘ ate £497)" be atg veiry ts open ti liermtapeess : pee 
way pia btn esate hh Hf G dary 1a re es, a eenen) teint we rete ns eet ee oe yay are ei re “aide co 


wy 
“Bitten? rots Bey ay B89 ON 7 
VE RiR Sa TRAN) Pad te 3 oe aes Fa = Lepatat xi 
HMOs Tic orta ta bicige tid yas Cae hak a 


Ata meta caes spits deqrtrattet pall ace cersten pees 


ayia Puts Pasi ‘An creel tem opt Cees) 










Ay uel che 
a oa ‘ Fat fe 
1, outa lst! 


eras 























Pras 
+ te wea ser et 












4, 
Piet See ye ivere 






























































































wy? preted 04 
‘ a q aye Ww f 2 LL ni re rite re erie Se Ld ae verde apd Lox bag ly at 
At y ‘ORO pe ary? feb apt ths itens i dant a att ate ess rie oe oti a ee epee. Eats a feat phen uy Parente eer storm 
a! “ys oe tae wry Bie dey none Aa hee bes oy Mg D1 tee k 5 ater Pd fyb eg zee sip 4ts Pi ett 
sane Pe ee aires) Ay sees tate ' SEU te f lite set asta ge far2h rots Specie ai : idee mires its oo ruts ae 
ea Piaiie Pao agh ea aig gt aes mh ii dd cate ih ai nes eretis or< rey a woe) Dardcteaiet TAPES i" 
Ae. ta taths, beh agin Me eine Hemet and tou radia sepa eer iateer eden ta pet ae ee 
Ds ‘ ’ «, tae ae OM he ete eT ee ee i Ch phe car fy apy easta Tate sigs’ 235 te rele” 2 rig 
"ARE a? 8 ie ‘ae a AP + is eK sibel 7 Hever US, syelere? uve Ee noe weereyats cary se ste aa eeyris et aa bk 
a 5 bees arte Ber Sier te Sas py iite haat ites reuse aN “ul igen pe ientricet eters eS aeteenere ature 
io re Re agpuretin hae PA etree sins Lean fe a mescuntiye eC vate eee or rll eqapegmatre Ser 
eo, Rach? vi wat pre apm hee fa 0 
cp eat tee a "shy Tele ice ie “82% ie a bla el ae ipa tipy erie Ra et NY 43) 
Vas E , re oo senna) Hypeys ¥ Sd ot pareerorg ye at oe a Leet veh Setity sseepeedt Gena qtreed.ts: Sh he 
ve, F 5 ’ vé Pe pares & eurrele Sees 1a oF aye ag +8 th TEE roan Ba FA uy Tah cate rene tat ra Magna eatin SOE bey erp rti are) 
ee , San atk iu A arnt het: Sure betan acer Sitreaa ea ara hee a rity Dury eee eh ne fe tatchay eon a Bg Lae re Da yiezuin secon MaMa UTS ee 
tm 1} rey dk eneE Fer brate be pen Cie haus aA “4 Ee ieee ae sesamin gtr y Pao onan em thy taro res Pec TE 
Sys Pie 4 





i : ig diraues ‘t Be fa ae 

ei bse Pista Naianncmer upampae atts ine Ce mask ry 
; Me 

varanstene Eyrar rust jas Sfugece atone Sites 














AES FT Sata Cur) 
aes : yi raaaaare ae 12h" 































2h, 
. wet PUTT ROE a Nal seve tie ASy oh rapye *e 
ery iG phe reat tae, seteattre ate bi ae ees " ary sr aestgrory 72t me 
a duit vhs 47 15 ES Saree ded he’ i: eh | patetSdes 












it 
wt " ht AW At silstabetcentts 
ty Le 





abpee% ® 4 gta ek Teshra 
. apie od ashe tad tah ete 
nae Mag cb Mares fared LPP MENT a hee “eye ejxbsoty 1A 





fi siar) Feontat og ER RQEN BSS? w 





“AVAL 7 c ee TE SCHOG, 
WONTER cy @ ‘FORN, 704 5N2 





D agi it 





UNCLASSIFIED 


ee 
‘CURITY CLASSIFICATION OF THIS PAGE 


REPORT DOCUMENTATION PAGE 
1b. RESTRICTIVE MARKINGS 


la, REPORT SECURITY CLASSIFICATION UNCLASSIFIED 


2a URITY CLASSIFICATION AUTHORITY 










b. D ASSIFICA TION/DOWNGRADIN CHEDUL 


1. PERFORMING ORGANIZATION REPOF UME 


Sa NAME OF PERFORMING ORGANIZATION 
Mech. Engineering Dept. 

Naval Postgraduate School 

5c. ADDRESS (City, State, and ZIP Code) 


Monterey,CA 93943-5000 





ME 





7b. ADDRESS (City, State, and ZIP Code) 
Monterey, CA 93943-5000 






8b. OFFICE SYMBOL 


3a. NAME OF FUNDING/SPONSORING 
(if applicable) 












10. SOURCE OF FUNDING NUMBERS 
PROJECT TASK 
NO. NO. 





3c. ADDRESS (City, State, and ZIP Code) san 


WORK 
ACCESSION NO. 





PROGRAM 
ELEMENT NO. 





k 1. TITLE (include Secunty Classification) 
Che Role of Particles in Recrystallization of a Thermomechanically Processed Al-Mg Alloy 


12. PERSONAL AUTHOR( 
Stephen Andrew Rogers 


3a. TYPE QE,REPORT 
Master’s Thesis 


i The views expressed in this thesis are those of the author and do not reflect the official 
| policy or position of the Department of Defense or the United States Government. 
| 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number) 

















14. DATE OF REPORT (Year, Month, Day) 


13b. TIME COVERED 
09/92 1992, SEPTEMBER 


FROM 04/92 TO: 65 





17. COSATI CODES 


FIELD Aluminum-Magnesium alloys, superplasticity, 
| a particle stimulated nucleation(PSN) 


‘19. ABSTRACT (Continue on reverse if necessary and identify by block number) 
The microstructural evolution related to the superplastic response of an Al-10Mg-0.12Zr alloy during 


thermomechanical processing (TMP) was studied. The TMP had been accomplished in previous work and consisted 
‘of 12 rolling passes, with reheating between each pass, to a total strain of 2.5. Quantitative data including length, 
aspect ratio and area of precipitated B-phase (AlgMgs) particles were obtained using image analysis methods applied 
‘to the as-rolled conditions following passes 8 10 and 12. The corresponding accumulated strains were 1.5, 2.0 and 
2.6, respectively. Precipitation of the &-phase is complete by pass 8 and the size as well as the size distribuuon 
remained essentially unchanged in the subsequent passes. A model for particle-stimulated nucleation of 
recrystallization, which is based on thermodynamic considerations, is evaluated with respect to experimental data. 







20. DISTRIBU TION/AVAILABILITY OF ABSTRAC 1. ABSTRACT SECURITY CLASSIFICATION 
[x] UNCLASSIFIED/UNLIMITED [_] SAME AS APT. [J] otic useRS| UNCLASSIFIED 


ee Mc. SPONSIBLE INDIVIDUAL 2b, TELEPHONE (Include Area Code) |22c,Q Peewee! 
fees. Nic elley (408) 646-2589 C 


“DD FORM 1473, 84 MAR 83 APR edition may be used until exhausted SECURITY CLASSIFICATION OF THIS PAGE 


1 All other editions are obsolete 
| : T2585 36 


Approved for public release; distribution is unlimited 


The Role of Particles in Recrystallization 
of a Thermomechanically Processed 
Al-Mg Alloy 


by 
Stephen Andrew Rogers 


Captain, United States Army 
B.S.M.E.,Marquette University, 1983 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN MECHANICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
September, 1992 


ABSTRACT 


The microstructural evolution related to the superplastic response of an Al- 
10Mg-0.1Zr alloy during thermomechanical processing (TMP) was studied. The 
TMP had been accomplished in previous work and consisted of 12 rolling passes, 
with reheating between each pass, to a total strain of 2.5. Quantitative data including 
length, aspect ratio and area of precipitated B-phase (Al,Mg;) particles were 
obtained using image analysis methods applied to the as-rolled conditions following 
passes 8, 10 and 12. The corresponding accumulated strains were 1.5, 2.0 and 2.6, 
respectively. Precipitation of the 8-phase 1s complete by pass 8 and the size as well 
as the size distribution remained essentially unchanged in the subsequent passes. A 
model for particle-stimulated nucleation of recrystallization, which is based on 


thermodynamic considerations, is evaluated with respect to experimental data. 
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I. INTRODUCTION 


Superplasticity refers to the ability of some polycrystalline materials, given the 
proper conditions, to undergo large plastic deformations (2 200%) without localized 
necking. Although it was observed as early as 1912 by Bengough, its commercial 
feasibility was not appreciated until work in the former Soviet Union was 
recognized in 1962 [Ref. 1]. Today, superplasticity is a routinely used method for 
manufacturing complex parts, with Titanium and Aluminum alloys the primary 
materials used for commercial and defense applications. 

Superplasticity does not occur naturally in metals. It requires carefully 
controlled alloying and thermomechanical processing (TMP) treatments to obtain a 
fine and stable recrystallized grain structure. Microstructural stability is usually 
provided by a homogeneous distribution of a second phase. The resulting 
microstructure may exhibit superplastic flow in specific temperature and strain rate 
regimes via diffusion controlled grain boundary sliding. The ability to form complex 
shapes eliminates or reduces the need for multi-part assemblies with associated 
fasteners and weldments. Thus stronger, lighter and less expensive components, 
often with desirable improvements in ductility, corrosion resistance and fatigue can 
be commercially produced. 

Superplastic forming (SPF) is most commonly applied in the aircraft industry. 
In aircraft, the maximum advantage is gained by increasing the strength-to-weight 
ratio of components and reducing the number of parts and subassemblies. These 
factors streamline assembly operations and reduce costs. 

The TMP methods used for microstructural control in this research may also 
have an application in the design of processes for light-weight armor materials. It is 
possible that a fine, equiaxed and homogeneous grain structure may enhance impact 


resistance and reduce spalling. Spalling is the lethal delamination and shattering of 


a metal inside an armored vehicle crew compartment as a result of projectile impact. 
These processes and materials may have application either in secondary - add on - 
armor or in structural material with a primary role of armor protection. 

Research into superplasticity in Al alloys has been conducted at the Naval 
Postgraduate School (NPS) since 1984. The initial effort [Ref. 2] was directed at 
developing a processing method to disperse the intermetallic B-phase (AlgMg,) in 
high-Mg, Al-Mg alloys in order to reduce their susceptibility to stress corrosion 
cracking (SSC). The TMP employed was successful in this respect and also resulted 
in a refined microstructure 0.5 to 1.0 tm in size, suggesting the potential for 
superplastic behavior. Subsequent TMP and mechanical testing on a high-Mg 
material also containing an addition of 0.5 wt.% Mn to further refine the grain size, 
resulted in elongations > 400% - clearly in the superplastic range - although 
evidence of recrystallization was ambiguous [Ref. 3]. More recent work by Gorsuch 
[Ref. 4] has obtained elongations > 1000% for a processed Al-10Mg-0.1Zr alloy, in 
which a fully recrystallized grain structure was revealed at the conclusion of TMP. 
In this research, the role of the 8-particles in the recrystallization of this alloy during 


TMP ts studied. 


I. BACKGROUND 


A. ALUMINUM ALLOYS 


Aluminum (Al) is the second most plentiful element on earth [Ref. 5]. Its most 
useful properties include low density, potential for heat treatment to high strength, 
high electrical and thermal conductivities, excellent resistance to corrosio and non- 
ferromagnetic qualities. In conjunction with the ability to be cast or formed by most 
known processes, these combinations make Al one of the most versatile materials, 
with exceptional potential for military, industrial and household applications. Vari- 
ous contaminants generally remain in commercially processed pure Al, resulting in 
degradation of toughness and ductility. These properties can be improved consider- 
ably through purification processes, but at significant expense. Through the addition 
of alloying elements and subsequent processing, however, the strength of Al can be 
increased beyond even that of structural steel, in a cost-effective fashion. 

There are currently greater than 300 Al alloying compositions [Ref. 6], consti- 
tuting a versatile range of properties dependent upon the processing method. Mag- 
nesium (Mg) is the most widely used alloying element in Al, primarily because it 
adds strength in solid solution while maintaining ductility. There are various ways 


of employing alloying elements for the purpose of strengthening Al. 
B. STRENGTHENING MECHANISMS 


1. Solid Solution Strengthening 
Solid solution strengthening is a function of atomic radii differences 
between solute and solvent atoms. Solute atoms fill either substitutional or 
interstitial sites, distorting and straining the original lattice, thus restricting 
dislocation movement. Mg atoms work ideally in this role due to their substantially 


larger size when compared to Al atoms and the high solid solubility of 


Mg (= 17.4 wt.%) [Ref. 7]. Commercially, it is a common additive (usually 0.5 - 
6.0 wt.%) for strengthening purposes. 


2. Dispersion Strengthening 
When an alloying element is added in excess of the solubility limit, the 
excess solute atoms form a second phase with the solvent atoms. In Al alloys, 
Zirconium (Zr) is relatively insoluble and forms a second phase of ZrAl,. Where 
larger amounts of Zr (up to 0.5 wt.%) have been used in similar Al alloy systems, 
the ZrAl, particles have been shown to inhibit grain growth after recrystallization 
[Ref. 8]. Due to the small amounts used in this Al-10Mg-0.1Zr material, the 


contribution of the Zr in solution and the Zr Al, phase is not fully understood. This 


research 1s primarily concerned with the second phase due to the addition of Mg. 


3. Precipitation of the B-phase 

Precipitation strengthening occurs when second phase particles, which 
precipitate during an appropriate heat treatment, impede dislocation movement and 
increase strength. The extent of the dislocation impediment, and thereby the 
improvement in strength, depends on whether these particles are incoherent or 
continuous with the matrix lattice structure. 

This phenomenon occurs only under certain conditions. The maximum 
solubility of the alloying agent must be on the order of several percent or greater and 
the phase diagram must exhibit a decreasing solubility limit with decreasing 


temperature, as depicted in the Al-Mg phase diagram in Figure 2.1 . 
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Figure 2.1. Al-Mg Phase Diagram 

Although the Al-Mg phase diagram, in conjunction with a bigh solid 
solubility of Mg in Al, indicates the potential for precipitation strengthemng. this 
alloy actually does not strengthen via this mechanism. The very rapid transforma <n 
of coherent 8° to incoherent 8 during aging treatment is the first obstacle. 
Furthermore, these particles tend to be coarse and widely spaced. but the most 
severe problem is the tendency for the 8-phase to precipitate preferentially at grain 
boundaries, a condition resulting in high vulnerability to intergranular cracking and 
stress corrosion cracking (SCC). For Al-Mg alloys, the precipitation reaction occurs 


according to the equation 


Supersaturated Solution — Al + B (Al,Mg.) (1) 


For these reasons, the Mg concentration in Al rarely exceeds 6.0 wt.%. 


Through thermomechanical processing (TMP) techniques, however, the 
B-phase can be uniformly dispersed and larger quantities of Mg (as much as 
10 wt.%) can be added without encountering excessive intergranular cracking or 
SCC [Ref. 2]. As previously stated, these particles do not directly enhance strength, 
but they do play a critical role in recrystallization during TMP. Defining this role, in 
particular for an Al-10Mg-0.1Zr alloy which exhibits a refined grain size and is 


highly superplastic after TMP, is the intent of this research. 


C. DEVELOPMENT OF SUPERPLASTICITY 


Earlier, superplasticity was briefly introduced, emphasizing the refined grain 
structure and the processing methods to achieve it. Several other important features 


of a superplastic microstructure are relevant and will be discussed here. 


1. Microstructural Prerequisites and Superplastic Deformation Mode 
Grain boundary sliding is the primary mode of plastic deformation during 
straining of superplastic materials. Several microstructural features are necessary 
for the activation of this mode. Foremost is a refined, equiaxed grain structure. 
Typically, fine grains < 10 um in size are necessary in order to achieve superplastic 
elongations. To attain large superplastic responses this equiaxed, refined grain 
structure must be maintained throughout the straining process. Thus, grain boundary 
migration is essential, providing a further means of relieving stresses, and 
preventing the elongation of grains with the subsequent degradation of 
superplasticity. [Ref. 1] 

Furthermore, high angle grain boundaries @ 15° in misorientation) are 
essential for grain boundary sliding. As the misorientation angle between grains 
increases, the boundary becomes more disordered and atomic registry decreases. 
This allows the adjacent grains to slip due to the presence of shear stresses. The 


greater the boundary misorientations, the better the superplastic response. [Ref. 1] 


The presence of a second phase is the key to maintaining the 
microstructure discussed above. With the appropriate distribution and spacing, 
second-phase particles may retard grain growth and stabilize the microstructure 
during superplastic flow. In Al-Mg alloys, the B-phase is AlsMg;. The B-phase 
particles are hard at ambient temperature, but soften at the superplastic forming 
(SPF) temperature = 300 °C [Refs. 8 and 9]. The deformation of AlsMg, during SPF 


may be important to the prevention of cavitation. 


2. Phenomenological Equations 
To obtain superplastic flow in a material, the tendency for localized 
necking during tensile deformation must be inhibited. The susceptibility of a 


material to localized necking is related to its strain rate sensitivity, m: 


(2) 





where O is the flow stress and € 1s the strain rate. When stress versus strain rate data 
for a superplastic material are plotted as Ino versus Iné€, the resulting curve will be 
sigmoidal and the slope will provide values of m according to Equation (2). If the 
elongation to failure is likewise plotted against Iné, the maximum elongation is of- 
ten associated with a slope, m, of 0.5. Fine-grained superplastic alloys usually ex- 
hibit this value of m, and as m increases, the superplastic response improves due to 
strain-rate hardening in the necked region. When m is equal to 1, a material is ideally 
superplastic, and behaves in a Newtonian-viscous manner, whereby diffusional flow 
dominates and no localized necking occurs. [Ref. 1] 

The strain rate, €, has been shown to be a function of a material’s grain 


size and diffusional properties according to: 


D at 


€ 0 2 (o/E)? (3) 





Here, Deg is the effective diffusion coefficient, 6 is the grain size, o is the flow 
stress, and E is the modulus of elasticity. The exponent value of 2 is the strain-rate 
hardening coefficient, n, derived from n = 1/m, where m = 0.5 as discussed previ- 
ously. Equations (2) and (3) reveal that a decreasing grain size is associated with an 
increasing superplastic strain rate. This is the analytical evidence to support the re- 
quirement of a fine grain size for superplasticity. 

Diffusional processes control the superplastic response. It is believed that su- 


perplastic flow is governed by a combination of grain boundary diffusion, D gb» and 


lattice self-diffusion, D, , according to: 
Dea eee cote (4) 


where f, andf,,, are the fractions of atoms associated with lattice and grain bound- 


ary diffusion, respectively. If f; = 1 and f,, = mw/0, this equation becomes 


TW 
~~) 


; (5) 


ei, = eon 


where w is the grain boundary width. This indicates that a transformation occurs 
from lattice diffusion to grain boundary diffusion as the grain size decreases. The 
grain boundaries must be of high misorientation angle in order to support such dif- 
fusional processes. The complete details and the actual contribution from each dif- 


fusion process are not yet fully understood. [Ref. 1] 


D. MECHANISMS FOR RECRYSTALLIZATION 


A fine recrystallized grain structure is essential to attaining a high strain rate 
which drives the superplastic response in a material. Initial research at NPS was ori- 
ented toward processing methods to produce this refined grain structure. More re- 
cent work has attempted to define the mechanism for this recrystallization during 


TMP. 


1. Grain Refinement in Al-Mg Alloys 


The first attempt [Ref. 11] to understand the recrystallization mechanism 
in Al-Mg alloys invoked the finely dispersed B-phase as a stabilizing structure 
during continuous recrystallization (CRX). In this model, recovered substructures 
with characteristic low-angle grain boundaries form during the initial annealing 
cycles of the TMP. The presence of a finely dispersed pachace retards dislocation 
motion and stabilizes these substructures as the boundary misorientation 
progressively increases during subsequent rolling/annealing cycles and a refined 
structure develops. Although superplastic responses were attained, determining the 
extent of the recrystallization from TEM and misorientation data was difficult. 

Further work [Ref. 12] applied newer techniques to the analysis of the 
resulting grain structure. Backscattered electron imaging - to enhance orientation 
contrast and obtain data from bulk samples of material - identified deformation 
zones as bright contrast regions adjoining individual particles in as-rolled Al-10Mg- 
0.1Zr material. Annealing for 30 minutes at 300 °C revealed grains associated with 
intergranular particles and a grain size approximately equal to the interparticle 
spacing. This new data strongly suggested particle-stimulated nucleation (PSN) of 
recrystallization was occurring and was responsible for a fine grain structure and 
higher elongation. Particle coarsening would be expected with increased interpass 


annealing, and as this occurs during the TMP, enough could eventually reach a 


critical diameter, d.., at which PSN of recrystallization would occur. The particle 


Cr 
size was not evaluated quantitatively, but did not appear to conform to this 
expectation. An average particle size of 1 um or greater is generally considered 


necessary for PSN [Ref. 13]. 


2. Particle Stimulated Nucleation of Recrystallization 


Particles stimulate and/or retard recrystallization depending on their size 
distribution, spacing and coherency [Ref. 14]. It is these factors, combined with the 
reduction per pass and strain accumulated, which determine whether PSN can occur 
and, ultimately, the rate of recrystallization during processing. 

The interaction between a particle, its deformation zone and the 
Surrounding matrix 1s extremely complex. This process has been studied by many 
and numerous approaches have been taken. Humphreys, et al. [Refs. 13, 15, 16 and 
17] has clearly shown recrystallization associated with the deformation zones 
surrounding particles and with highly misoriented substructures within these zones 
which appear to serve as nucleation sites. 

The details of how the deformation zones form around the particles are 
not fully understood. However, a thermodynamic approach to this problem has been 
summarized by Williams and Stark [Ref. 14] following work done by Argon, et al. 
[Ref. 18]. This study showed that the size of the deformation zone, A, 1s related to 


the particle diameter, d,, and the true strain, e, by 


n 


A = Adeeuame (6) 


10 


where 


n 


KR farterD aaa or 
eo 


Here, t,, is the critical resolved shear stress required to move dislocation loops away 


from the particle. The strain hardening coefficient, n, and the material constant, K, 


are the same used in Ludwik’s and Hollomon’s strain-hardening relationship, 


o = Ke’. The constant, A, describes the strain hardening behavior of the matrix. 
Equation (6) indicates that a larger particle produces a larger deformation 
zone. This model does not depict the detailed microstructural features of the 
deformation zone [Refs. 13 and 17]. Instead, particles are considered spherical and 
nondeformable, and the deformation zone uniformly surrounds the particle as shown 
in Figure 2.2 . In processing at ambient temperature, which this model assumes, this 
is a reasonable assumption. But at elevated processing temperatures, particles may 
be deformable [Refs. 8 and 9] and not equiaxed, and thus the interaction will be even 
more complex. 
If stored strain energy provides the driving process for PSN, then the critical 


nucleus size, om, must at least be as small as the size of the deformation zone, A, 
Surrounding a particle. According to Nes [Ref. 19], the value of 5_ necessary for re- 
cr 


crystallization in this model is: 


eae (8) 


1] 
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Figure 2.2. Schematic of Conditions for PSN 


where y is the grain boundary interfacial energy and E is stored strain energy in the 


matrix (E = pGb? where p is the dislocation density, G is the shear modulus, and b 


is the Burger’s vector). The calculation of this equation is based on the change in 


volume and surface free energy associated with an embryotic grain. 


ameter, d 


Assuming that A = 6_ is the appropriate condition for recrystallization and 
cr 


substituting 4 from Equation (6) into 6. from Equation (8), the critical particle di- 


or for recrystallization becomes: 


a -1 


4 (—~) 
de =e 2Ae "tl +1] 





I 


An analysis of this model reveals that as € accumulates during processing, d_ 
decreases as a result of a larger A and more stored energy in the form of increased 
dislocation density. The value of d. also decreases as y decreases. Thus, substruc- 


tures of low boundary energy y could still form in association with smaller particles. 

Equation (9) was developed with the assumption of straining at low 
temperatures, whereas the Al-10Mg-0.1Zr alloy in this research underwent TMP at 
higher temperatures. Thus, recovery processes which would have the effect of 
removing some dislocations prior to the onset of recrystallization and reducing the 
accumulated strain, are not incorporated into this model. Furthermore, this model of 
nucleation within the deformation zone only considers thermodynamics, and 
essentially assumes that if a zone exists then a grain will nucleate. The kinetics 
related to the growth of a zone are not discussed. Nevertheless, the model presents 
a fairly straight forward approach which, if carefully invoked, may be able to 


provide values for d... 


AS a particle coarsens during TMP and reaches the critical size defined in 
Equation (9), then the nucleus within the deformation zone becomes capable of 
expanding into the matrix, and conditions for PSN of recrystallization exist at that 
particle. Assuming the particle distribution is modelled as a cubic lattice, that 


enough strain accumulates and that enough particles of the same size satisfy d_, 


then the grain size, 5, becomes equal to the interparticle spacing, D.: 


SSD (10) 





where V, is the B-phase volume fraction. If V, = 0.1, which is the approximate B- 
phase volume fraction in Al-10Mg-0.1Zr processed at 300 °C, then Equation (10) 


becomes: 


6 =2d (11) 


If the grain size 1s approximately equal to the interparticle spacing then PSN is the 
likely mechanism of recrystallization. 
Alternatively, if Zener pinning [Ref. 15] of grain boundaries limits the 


grain size, then 


= _P 
OFener o ave (12) 
and for V, = 0.1 the grain size would be: 
ee GS) 


The grain size predicted by the Zener model 1s three times that of the PSN limit and 
will exceed the interparticle spacing. It is unlikely that PSN has occurred under such 
circumstances. 

A simplified graph of the relationship between d_ and the strain, €, is repre- 
sented in Figure 2.3 . This graph reveals that d.. decreases with increasing €, as sug- 
gested by Equation (9). The appropriate value of € is not clearly defined because, as 
previously stated, the effect of recovery during processing on accumulation of strain 


energy is unknown. 
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Critical Diameter, d., 


Figure 2.3. 





Strain, € 


Relationship Between Critical Parameters for PSN 


Hl. EXPERIMENTAL PROCEDURES 


Initial processing on Al-Mg alloys with various Mg contents was performed by 
Coleman [Ref. 20] in previous research at the Naval Postgraduate School. The TMP 
of the Al-10Mg-0.1Zr material described in this chapter was completed by Coleman 


and samples which were analyzed in this research were from that material. 


A. MATERIAL 
The starting material was provided by the ALCOA Technical Center, ALCOA 
Center, Pennsylvania as a direct-chill cast ingot (# S572826) with nominal 


composition of Al-10Mg-0.1Zr wt.%. The actual chemical composition is shown in 


Table 1. 


TABLE 1: NOMINAL ALLOY COMPOSITION (wt. %) 








The cylindrical ingot, 150mm diameter by 580mm length, was sectioned 
longitudinally into 95.3mm x 31.8mm x 31.8mm rectangular billets for further 


processing. [Ref. 20] 


B. THERMOMECHANICAL PROCESSING 


TMP of this material was conducted according to the schematic in Figure 3.1. 
This procedure was developed to provide refined microstructures through control of 


B-phase precipitation during the rolling portion of the TMP. 


TEMPERATURE, °C 


SOLUTION 


TREATMENT TMP 


Tso.vus (=365 “C) 


30 minute annealing intervals 
between rolling passes 


Samples taken after passes in Bo! d 


OIL WATER 
QUENCH QUENCH 





Figure 3.1. TMP Schematic 
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1. Solution Treatment 

The rectangular billet was homogenized for six hours at 440 °C, followed 
by solution treatment for 18 hours at 480 °C in a Lindberg type B-6 heavy duty 
furnace. The billet was upset forged at 440 °C along the longitudinal axis in a 
Baldwin-Tate-Emery testing machine equipped with platens preheated to 440 °C. 
The reduction ratio was 3.75:1, resulting in a billet approximately 25.4 mm thick 
and roughly 70 mm x 70 mm square. The true strain in forging was = 1.1. The billet 
was further solution treated at 480 °C for one hour to ensure a uniform temperature 
above the solvus. After oil quenching for one minute, the billet was cut in half 


transversely to facilitate the warm rolling stage. [Ref. 20] 


2. Warm Rolling 


Finally, the billet was warm-rolled at 300 °C Tomah twelve successive 
rolling/annealing cycles to an additional strain of 2.6. The rolling schedule used is 
shown in Table 2. This schedule, a modified version of that used by Gorsuch [Ref. 4] 
gradually increases the strain from =10% for pass 1 to =25% for pass 6 and all 
subsequent passes, with intermediate anneals of 30 minutes. 

Before rolling commenced, the billet was heated at 300 °C for 30 minutes 
in an electric Blue M Furnace, model 8655F-3. Near isothermal conditions were 
maintained by monitoring the temperature of a steel plate under the billet with a 
digital thermometer (Newport Laboratory model # 267B-KCL). 

Billets were rolled using a Fenn Laboratory rolling mill with roll 
diameters of 4.0 inches rotating at 0.327 rad/sec. After passes 3, 6, 8, 10, and 12a 
sample of the rolled billet was cut (for later microstructural analysis) using a 
Rockwell model 724 Portable Band Saw, and then quenched in water at room 
temperature. Each of these samples was further sectioned in half, with one section 


receiving a 25 minute anneal at 300 °C. Approximately one minute was taken to 


remove the billet from the oven, roll it, measure its thickness with a micrometer, cut 
a sample off the end, and return the rolled billet to the oven. Although the rollers 
were not heated and the billet was essentially air cooled between the anneals, the 


effect on microstructural properties is expected to be minor. [Ref. 20] 


TABLE 2: TMP 6 ROLLING SCHEDULE 


MILL 
pass | MILL GAP Vi Wi At DEFLECTION €; dE; 
(in) (in) (in) (in) (in) 


| 03s0 [osm [osx [om [ome [oa foam [i 
2 



















C. SAMPLE PREPARATION 


1. Grinding 

The transverse-longitudinal (T-L) surfaces of the as-rolled and annealed 
samples extracted following passes 3, 6, 8, 10, and 12 were prepared for scanning 
electron microscopy. The samples were cut to size (one square centimeter or less) 
with a SBT-Model 650 Low Speed Diamond Saw. The T-L surface was ground 
using successive 240, 320, 400, and 600 grit wet-dry sand paper first applying 
medium- and then light - pressure strokes at each stage. Approximately twice as 
much time was spent on each succeeding grit, with an additional 40 to 50 very light 


pressure strokes applied on the 600 grit paper to complete the grinding. 


2. Mechanical Polishing 

Each sample was successively polished with 6 um (Cat. No. 40-6272) and 
1 um (Cat. No. 40-6264) Buehler Metadi Aerosol Diamond Compound using a 
variable-speed twelve-inch polishing wheel. The 6 um polish was performed on a 
Buehler TEXMET Polishing Cloth (Cat. No. 40-7622) using a wheel speed of 
400 rpm. The 1 um polish was performed on a Buehler CHEMOMET Polishing 
Cloth (Cat. No. 40-7922) at 200 rpm. A gradually decreasing medium to very light 
pressure was applied while slowly moving each sample clockwise against the 
rotational direction of the wheel. Between five and ten minutes of polishing per 
wheel was generally deemed adequate, depending on the sample. Each sample was 
intermittently inspected by rinsing in methanol, washing very carefully with a mild 
Alconox Detergent, rinsing again in methanol and thoroughly drying under a 
Buehler TORRAMET Specimen Dryer. 

At a minimum, all 6 Em scratches should be removed during the 1 um 


polish. Very minor 1 tm scratches can be removed during electropolishing. 


20 


3. Electropolishing 

The electropolishing apparatus was set up as shown in Figure 3.2. A 
solution of 90% 2-Butoxyethanol and 10% Hydrochloric Acid, maintained at O-1 
°C, was used for electropolishing. A voltage of 14-16 VDC was applied for 2-1/2 to 
3-1/2 minutes, resulting in an average current of 0.02 amps. The size of the sample 
Surface, the number of rolling passes, and whether the as-rolled or annealed 
condition was being prepared all affected the polishing response to varying degrees. 
To attempt to quantify these would be misleading since no consistent pattern 
developed. The best method of determining the electropolish condition was to 
intermittently remove, observe and quickly return the sample to the electropolish 
solution. It is important to store the electropolishing solution and methanol in clean 
glass containers rather than in polyethylene bottles. This prevents surface 


contamination from obscuring the backscatter electron image in the SEM. 


Sample Holder 


i So 
3 7 


Thermometer — 








250 ml Stainless 
Steel Beaker 


Plastic 
Tub aa 








SY Electro- 
Methanol/ polishing 
Nitrogen Soluuon 
Mixture 
Surring 
Magnet 
Sample =o 
Magnetic Stirrer DC Power Supply 


Figure 3.2. Schematic of Electropolishing Apparatus 
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D. SCANNING ELECTRON MICROSCOPY 
A Cambridge Model S200 scanning electron microscope equipped with a 


Tungsten filament was used at an accelerating potential of 20 keV. Secondary 
electron imaging techniques were employed to collect data for subsequent imaging 
analysis. Backscatter techniques, which enhance both phase and orientation contrast 
in this alloy, were used to examine the microstructure of the as-rolled and annealed 


samples. 


E. IMAGE ANALYSIS 


Image analysis was performed to characterize the B-phase particles in the as- 
rolled conditions for passes 8, 10 and 12. The Image-Pro II Image Processing 
System, Version 2.0, and the Microscience ImageMeasure System were utilized in 
this process. The system operates by digitizing the video image of a micrograph into 
picture elements, or pixels. Each pixel has an associated intensity in the range from 
zero (dark or black) to 255 (bright or white). The range between is considered “gray 
level”. The range of values representing an image will depend on the contrast. The 
objective is to maximize the contrast - dark, sharply defined particles on a bright, 
uniform background - to obtain the most accurate data. 

Parameters such as X-difference, Intensity difference and Threshold difference 
are established by the operator. X-difference is the distance (in pixels) over which 
the intensity gradient is calculated. The Intensity difference is the minimum 
difference in intensity over the X-difference necessary to identify the presence of an 
object. Once the object is detected, the Threshold difference establishes the actual 
intensity value which defines the edge of an object. Both the Intensity and Threshold 
difference were set to Ratio mode, in which the value is calculated as a percentage 
of the background intensity level. Thus, the accuracy for detecting objects in a 


nonuniform background is improved. 
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The image is scanned according to these settings, and the outline of detected 
particles is displayed on the screen. Adjustments and editing can be performed in 
order to produce a very accurate overlay of the B-phase particles. Secondary electron 
images were used because of uniform background contrast. Magnifications of 
between 6.0kX and 8.0kX enabled most particles to be detected, while still 
maintaining sufficient working distance to obtain a Statistically accurate sampling of 
the data. Five to nine micrographs were used per pass to further enhance the 
accuracy. 

The normalized distribution of length, area, perimeter and aspect ratio for 
passes 8, 10 and 12 was generated. Length is the maximum length of a chord rotated 
incrementally (every 1-1/2°) through 180° within a particle. The area is based on the 
number of pixels interior to and under an object boundary. If any interior pixels are 
less than the threshold level, they will not be included in the area calculation; thus, 
holes in an object are accounted for. Perimeter is defined as the sum of line segments 
- using the Pythagorean Theorem to calculate the length of each segment - between 
vertices which are applied to an object during scanning. Aspect Ratio is the 
maximum length, determined as above, divided by the y-axis width. 

Data were generated tabularly and in the form of histograms. Each bar on a 
histogram represents the number of values that are less than or equal to the “upper 
class limit” and greater than the “lower class limit”. The upper limit of each class is 
labelled underneath the bar, while the lower limit is the upper limit of the previous 
Class. 

The range of the data in a histogram is established by the operator. The number 
of class intervals, however, is automatically set at 32. This value is based on the 
CGA card employed in the original software program, which limits the number of 


characters that can be displayed on the computer monitor screen. When dealing with 
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a large number of data, the number of class intervals 1s usually defined by the Sturgis 


rule [Ref. 21]: 


N = 14+3.3logn (14) 


where N is the number of intervals and n is the number of data points. According to 
Equation (14), the number of class intervals should be approximately 10 - 11 for the 
data obtained in this research. By downloading the data into an ASCII file, and 
entering this file into a spreadsheet program, the class interval can be manipulated 
to conform with the Sturgis rule. Because of time constraints, this was not done in 
this research. The histograms presented are based on the default value of 32 even 
intervals, and although they are slightly noisy, the general distribution is sufficiently 


smooth to accurately reveal trends. 
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IV. RESULTS AND DISCUSSION 


Most of the work in superplasticity at NPS has involved mechanical testing and 
microstructural analysis of the fully processed material. Through juggling of process 
parameters - altering the number of passes and the interpass annealing time - the 
TMP schedule was modified numerous times in attempts to improve the superplastic 
response. The first systematic study of the effects of processing parameters on 
microstructural evolution and superplasticity was commenced by Gorsuch [Ref. 4], 
and the microstructure and superplastic response of Al-10Mg-0.1Zr at strains of 1.9 
and 2.5 as influenced by the reheating interval were analyzed. Lyle [Ref. 22] 
conducted a more extensive analysis of an Al-10Mg-0.1Zr alloy, comparing 
microstructural and hardness data from various passes of three different TMP 
schedules. Subsequently, the effort has sought to define the microstructural 
evolution related to superplasticity from the TMP 6 schedule as a function of 
processing strain. Coleman [Ref. 20]was the first to study this. A microstructural 
analysis by backscattered electron imaging techniques, and hardness testing, of 
8 wt.% Mg and 10 wt.% Mg AI binary alloys, processed according to TMP 6, was 
initiated. 

This work represents a continuation of Coleman’s efforts and introduces the 
quantitative image analysis of microstructural data. These data, obtained from the 
as-rolled conditions of passes 8, 10 and 12, provide important insight into the role 


of B-particles in recrystallization of Al-Mg alloys. 


A. MICROSCOPY 


All of the samples analyzed were prepared by Coleman [Ref. 20]in previous 


work at NPS. Although Coleman had obtained some microscopy results for passes 3 
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and 12, all of the microscopy presented in this research represents the effort of the 
author. 

The microstructure of the Al-lOMg-0.1Zr was analyzed using the 
backscattered electron imaging mode on the scanning electron microscope. 
Micrographs were taken of the as-homogenized material, as well as the as-rolled and 
annealed condition following passes 3, 6, 8, 10 and 12. An as-rolled sample 
represents the microstructure of the material immediately after the rolling process, 
while an annealed sample represents the microstructure just before the subsequent 


rolling pass. 


1. As-Cast and Forged Condition 


Figure 4.].a is an optical micrograph of the as-cast and forged condition 
after completion of homogenization. The microstructure reveals remnants of 
dendritic segregation of Mg from the as-cast condition. This suggests that the 
solution treatment may have been incomplete. Backscattered electron imaging of the 
same surface, as shown in Figure 4.1.b, provides no further evidence of this 
segregation, indicating that only minor, if any, segregation remains and that the 
features in Figure 4.1.a may be remnants of prior segregation or etching artifacts. 

Figure 4.1.b also reveals a large, recrystallized grain as evidenced by 
what appears to be a migrating grain boundary. Recovered substructures in the 
adjacent grain indicate an incompletely recrystallized microstructure which may be 
relevant to the inhomogeneous aspects of B-phase precipitation in the early stages of 


the subsequent TMP. 
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Figure 4.1.a. Optical micrograph showing Al-10Mg-0.1Zr in the as-cast and 
forged condition following solution treatment 
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Figure 4.1.b. Backscattered electron micrograph showing Al-10Mg-0.1Zr in 
the as-cast and forged condition following solution treatment. 


2. Pass 3 (Strain = 0.4) 


The inhomogeneous aspects of 8-phase precipitation are shown in the as- 
rolled condition in Figure 4.2.a. Continuous precipitation occurs first along grain 
boundaries. Additional precipitation occurs in the form of more discrete, 
discontinuous particles along microbands which had formed at approximately +35 
degrees to the rolling direction during the rolling pass. The nature of these 
microbands, shown in Figure 4.2.b, has not been determined. Probably, they are 
twins; but further analysis of misorientation data must be conducted to fully 


understand their origin. 
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Figure 4.2. Backscattered electron micrograph showing AI-10Mg-0.1Zr 


following pass 3: a) in the as-rolled condition; b) following 30 
minutes of annealing at 300 °C. 
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These microbands are distinguished from the long, linear, narrow slip 
bands shown in Figure 4.2.a. These slip bands are oriented +45 degrees to the rolling 
direction, and are much less frequently associated with precipitation. The same 
micrograph reveals what appears to be a subgrain structure similar to that seen in 
Figure 4.1.b. Microbands are rarely observed in grains where this subgrain structure 
exists. This accounts significantly for the nonuniform precipitation during the early 
passes of the TMP, which in turn explains the long TMP schedule required to attain 


a homogeneous distribution of 8-phase. 


3. Pass 6 (Strain = 1.0) 

As the TMP progresses, prior first order microbands begin to flatten out 
and orientate toward the rolling direction, as shown in the as-rolled condition in 
Figure 4.3.4. Much more of the 8-phase has precipitated and its distribution is 
becoming progressively more homogeneous. Through a process of spheroidization, 
continuous and elongated particles are becoming more discrete and sphere-like. 

Figure 4.3.b reveals the same microstructure at twice the magnification of 
Figure 4.3.a. Between previous microband boundaries, new, higher order 
microbands - they may also be slip bands - have formed, but are much shorter in 
length than previously. Between more closely spaced particles the microbands 
apparently can no longer form, and more equiaxed substructures are now apparent. 

In the annealed condition shown in Figure 4.3.c, microbands begin to 
exhibit the formation of more equiaxed, recovered substructures within their length. 
Where the 8-particle density is high, only very fine, equiaxed substructures have 


formed. 
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Figure 4.3. Backscattered electron micrograph showing Al-10Mg-0.1Zr 
following pass 6: a) in the as-rolled condition; b) the same 
region at twice the magnification 
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Figure 4.3.c. Backscattered electron micrograph showing Al-10Mg-0.1Zr 
following pass 6 in the annealed condition. 


4. Pass 8 (Strain = 1.5) 


By pass 8, the quantitative data had indicated that precipitation of the B- 
phase from solution is complete. Some particle coarsening since pass 6 is suggested 
by the quantitative data, although this is difficult to detect in visual examination of 
the as-rolled condition of Figure 4.4.a. Continuing spheroidization of particles, 
however, is apparent. The more homogeneous particle distribution is beginning to 
inhibit further development of microbands. Compared to pass 6, the annealed 
condition of Figure 4.4.6 reveals increasingly equiaxed and well-defined 
substructures, especially near larger particles and along prior grain boundaries such 
as those shown at the bottom of the micrograph. Some features in the upper right 


comer appear to be very small microbands, but very few of these features remain. 
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Figure 4.4. Backscattered electron micrograph showing Al-10Mg-0.1Zr 
following pass 8: a) in the as-rolled condition; b) following 30 
minutes of annealing at 300 °C 
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5. Pass 10 (Strain = 2.0) 


Mechanical testing by Gorsuch [Ref. 4] showed that this material is 
capable of superplastic elongations greater than 400% after pass 10. The as-rolled 
condition in Figure 4.5.a indicates a more homogeneous particle distribution 
compared to pass 8, although banding of the B-phase particles is still apparent. 
Linear features - suggesting microbands - are still evident but are not as well-defined 
as earlier in the processing. In the annealed condition of Figure 4.5.b the microband 
features are no longer apparent at all. Instead, a uniform and fine equiaxed structure 
exists. In general, contrast variation 1s small within the matrix, suggesting that most 
of these features are recovered structures. Areas adjacent to some particles (at the 
higher magnification of Figure 4.5.c) show regions of light contrast which may 


reflect formation of recrystallized grains. 


6. Pass 12 (Strain = 2.6) 


After the final pass, the material exhibits a refined grain structure, even in 
the as-rolled condition in Figure 4.6.a. Little, if any, evidence of microbands appears 
- or at least none that is prominent. The underlying substructure appears to be 
retained and more equiaxed than that after pass 10. 

The annealed condition, Figure 4.6.b, clearly reveals a homogeneous 
particle distribution with increasing orientation contrast in the fine, equiaxed 
microstructure. These features range from 1-3 um in size. Still, there is very little 
discernible difference between the annealed microstructures following passes 10 
and 12. Yet, mechanical testing by Gorsuch [Ref. 4] showed that elongations of 
1100% are possible after pass 12, suggesting essentially a fully developed, fine- 
grained microstructure. To aid in the interpretation of this microstructure, the 


quantitative data were also obtained. 





Figure 4.5. 


Backscattered electron micrographs showing Al-10Mg-0.1Zr 
following pass 10: a) in the as-rolled condition; b) following 30 
minutes of annealing at 300 “C. 
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Figure 4.5.c. Backscattered electron micrograph showing AIl-10Mg-0.1Zr 
following pass 10 in the annealed condition at a higher 
magnification. 
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Figure 4.6. Backscattered electron micrograph showing Al-10Mg-0.1Zr 
following pass 12: a) in the as-rolled condition; b) following 30 
minutes of annealing at 300 °C. 
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B. QUANTITATIVE ANALYSIS 


Using the image analysis system previously described, normalized 
distributions of length, area, perimeter and aspect ratio of the B-phase particles for 
passes 8, 10 and 12 were generated. Most significantly - and surprisingly - this data 
revealed that only subtle changes in the B-phase particle size distribution occurred 
during these latter passes of TMP 6. The tabular data for the histograms is presented 
in Appendix A. 

The length of each particle was determined by measuring the maximum length 
of a chord rotated incrementally through 180 degrees within the particle. The 
normalized length distribution shown in Figure 4.7 reveals a very subtle shift in the 
“hump” of the histogram toward the left. This indicates that the average length is 
decreasing. This is occurring through the mechanism of spheroidization, a process 
by which continuous particles are pulled apart with formation of a diffuse neck, 
eventually separating into more discrete, sphere-like particles. This spheroidization 
process contributes significantly to the homogenization of the B-phase in the latter 
passes. 

Results of the normalized aspect ratio distribution further support 
spheroidization of the 8-phase particles. The aspect ratio was determined as the 
maximum chord length divided by the y-axis width of the particle. This accounts for 
values < 1.0 observed in Figure 4.8. The maximum in these histograms migrates 
leftward toward a value of 1.0 during processing, indicating very clearly that 
elongated particles are becoming more sphere-like. This phenomenon 1s also 
observable in the microstructure of passes 8, 10 and 12 previously presented. 

Figure 4.9 shows the normalized area distribution for passes 8, 10 and 12, 
respectively. No detectable change in the distribution is evident, indicating that no 


particle coarsening is occurring after the B-phase has fully precipitated. 


38 


The volume fraction of the 8-phase was also determined and is plotted versus 
true strain in Figure 4.10.a. These data apply to the as-rolled condition for each pass 
and show a Steady increase in volume fraction up to pass 8, when precipitation is 
complete, after which they remain between 9 - 12%. This is the expected range in 
accordance with the lever rule applied to the Al-Mg phase diagram at T = 300 °C, 
allowing for a range of 10 °C during processing and for uncertainty in the phase 
diagram data. 

Figure 4.10.b presents the particle length versus true strain for the whole TMP 
6 schedule. A gradual increase in mean length occurs up to pass 8, to a value of 
0.66 um. The length thereafter remains relatively constant, with mean values of 
0.57 um and 0.56 fm recorded for pass 10 and 12, respectively. According to 
Thompson [Ref. 23], as summarized by Vander Voort [Ref. 24], a correction factor 
must be applied to the mean linear intercept of an areal image analysis to reflect the 
spatial aspects of the actual grain diameter. Particle mean length must be corrected 
in the same manner. If particles are assumed to be spherical, then this correction 
factor is 1.5. Accordingly, the values of mean length become 0.99 um, 0.86 um and 
0.84 um for pass 8, 10 and 12, respectively. It is recognized that the correction factor 
increases for less spherical particles, but probably does not have significant 
implications to this research due to the error already inherent to the quantitative data. 

The quantitative data clearly indicates that particles are not coarsening after 
pass 8, even though complete precipitation of the B-phase from solution has 


apparently occurred by this stage in the TMP. 
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Figure 4.7. 
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Normalized Aspect Ratio: a) Pass 8; b) Pass 10; c) Pass 12 


4] 











S S 
| BE98'F | 8Er8'P 8Ere'y 
—GL89"¥ G189'p S189 
ELES'y CLES > EES 'y 
GLe'y e GLE'y ‘o GLe'y 
eee | 8812'¢ oO] A 8812'» “ 8812'y 
6 u" S$¢90'9 ” N G290'F i $290 4 
YO | €906'€ Oils €906'°€ i | €906'€ 
a | 3 i sze oe} S SZe - GZ'e 
x 1a BE6S'€ ex | BE6S'C i BE6S'e 
® SL€yve o S SZEev ©) = ~Sltve 
ae ElB2'e & P ereze & 2 €48z°€ 
Sclae. = Sere = G2'e 
g896°2 _ ge96'2 | 8896°2 
Gz18'%2 O szigz O | S21e2 
€999°%2 e9sg72 & | €9S9'2 
< < ; 
S2 Sz « S2 
| BEPE 2 BErE'? BEvE'2 
slab2 & S182 & | s2e4'2 
Ereo's wi eseo'e wl Ereo'2 
G7ca, oe G48b S26°1 
88ILt < esiz4 < | BBbL"I 
G29S'h ee S29S'1 - mune S79S "| 
, e907} €90v |} SROCGnsSeae2se— e90V't 
| B€60'4 8E60'| —8€60'h 
Sle6'0 GZ€6'0 GLE6'0 
€182'0 €18Z'0 —€482°0 
$29°0 $29°0 -$29°0 
889¥'0 88970 889% 0 
G2te'o GZ1e0 G21e'0 
€9S1'0 €9S1'0 | £9510 
0 m 0 0 
g2erreeeagsg |e Pea 
9 OOO OOO Od oO Oo 99 OOOO OO Oo 


SSON3AYYENDIO JO # FANLY13Y S29N3YduN|DNO JO # AAILV13Y SAJONAYXYN|DINO AO # 3AILVIAY 


Figure 4.8. 
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Figure 4.9. 
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Figure 4.10.a. Al-10Mg-0.1Zr B-phase Volume Fraction versus True Strain 
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Figure 4.10.b. Al-10Mg-0.1Zr 8-phase Particle Length versus True Strain 
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C. DISCUSSION 

Previous mechanical testing by Gorsuch [Ref. 2] on identical material 
processed under nearly the same conditions has shown elongations of 400% at a 
strain of 1.9 and 1100% at the final strain of 2.5. The mechanical data suggested that 
material strained to 1.9 possessed a less fully recrystallized microstructure than that 
of the material fully processed to a strain of 2.5. Further observations of Gorsuch’s 
fully processed material utilizing backscattered imaging methods on the SEM 
showed high contrast grains equal in size to the interparticle spacing in fully 
processed material. This mechanical and microstructural data was interpreted in 
terms of increased PSN in association with increasing rolling strain. The particle 
size, acritical factor in PSN, was not evaluated quantitatively in that work. [Ref. 12] 

In reviewing the microstructural data presented in this work, the annealed 
conditions of passes 8, 10 and 12 each reveal fine, equiaxed structures and the 
differences among them are not very apparent. Furthermore, the quantitative data 
from the image analysis indicates the same conclusion - particles are not coarsening 
in the latter passes. There is, however, a gradual change in the as-rolled condition of 
these passes, described previously as spheroidization during deformation, and 
supported quantitatively by the decreasing aspect ratio reported earlier. Examining 
both microstructural and quantitative data indicates particle size and distribution 
remains essentially fixed at least from a strain of 2.0 to a strain 2.6. Superplastic 
response seems to develop over this same strain interval and this suggests that it is 
developing over a range of strain values instead of occurring only after surpassing 
of a threshold in pass 12. A further indication of this is the hardness data from Lyle 
[Ref. 22]. Obtained at room temperature for material processed to passes 3, 6, 8, 10 
and 12 (both on as-rolled and annealed samples), this hardness data shows the 


material getting progressively harder, even for the annealed condition over a 


sequence of passes. The only exception is for the last pass where hardness dropped 
for the annealed condition when compared to the annealed condition after pass 10. 

In the rolling process used, strain per pass is nearly constant after pass 6; 
however, the strain rate continuously increases to a maximum on pass 12. The 
annealing temperature remains constant throughout the process, but as the material 
gradually thins, two important phenomena occur: 1) the material will reheat more 
rapidly to 300 °C during annealing, but 2) when removed from the oven, the material 
will chill (air quench) more rapidly during transfer to the rolling mill. The PSN 
model developed earlier was considered to apply to a material rolled at room 
temperature and then subsequently annealed to induce recrystallization. So, direct 
application of PSN theory to procedures in this work needs to be carefully 
considered. 

The strain per pass, strain rate, volume fraction of 8-phase, temperature and 
particle dispersion for passes 8, 10 and 12 are all very similar. Thus, for any one of 
these passes, the PSN model - based on strain per pass - could be invoked and one 
would expect recrystallization to occur successively after each of these passes. This 
is not the case, at least insofar as superplastic response is concerned. Also, the 
hardness data reveal increasing hardness and this suggests the accumulation of strain 
and the absence of recrystallization. In order to apply the PSN model, the 
accumulated strain must be considered and not simply the strain on the final pass. 
This is, however, problematic because the PSN model was not developed to treat the 
problem of recrystallization in a material initially containing a recovered subgrain 
structure. The Al-Mg alloy in this work apparently does develop such a substructure 
during the interpass annealing. From pass 6 onward the material appears to form this 
recovered subgrain structure of size on order of interparticle spacing. 

In the PSN model described by Equation (9) in Background, the critical 


particle diameter depends on the grain boundary interfacial energy, y, among other 
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factors. The interfacial energy of a subgrain boundary 1s less than that of a high angle 
grain boundary, and so the observation of substructure formation after passes 8, 10 
and 12 at least may reflect a “PSN of recovered structures” which appear to be of 
similar size. However, there simply isn’t a good model at present to describe the 
conditions of nucleation in such a circumstance. 

The degree of recrystallization in the last two passes, insofar as particles are 
concerned, may also reflect the differences in temperature and strain rate in 
conjunction with the contribution made from the presence of substructure in the 
material. The increasing strain rate and temperature would act to increase the stored 
strain energy, E, available to drive the recrystallization process, even if strain per 
pass were constant. Then the preexisting subgrains may assist in the formation of 
high angle grain boundaries simply by reducing the required energy. Instead of 


needing to provide all the interfacial energy eer tc required, only (Ynigh ee 


ian. Pe. may be needed to initiate the nucleation event. 


The net effect is that, instead of particles coarsening, the critical particle 
diameter is progressively decreasing and allowing a continuous nucleation to occur 
over a series of passes. This discussion is not implying a specific mechanism for this, 
but is simply defining the conditions may lead to heterogeneous nucleation sites 


within the deformation zones to support the onset of recrystallization. 


V. CONCLUSIONS AND RECOMMENDATIONS 


A. CONCLUSIONS 
The conclusions and observations of this research are as follows: 


1. The B-phase of the Al-10Mg-0.1Zr alloy is fully precipitated from solution by 
pass 8 (strain = 1.5) 


2. %-phase particle size distribution remains relatively constant during passes 8- 
12 of the TMP (strain = 1.5-2.6). Particles do not coarsen after pass 8. 


3. Spheroidization of the 8-phase particles occurs during processing, approaching 
an aspect ratio of 1 at the conclusion of pass 12 aan = 2.6). 


4. Strain accumulates during TMP in the form of pee Ouclce substructures 
associated with the 8-phase. 


5. The definitive role of the B-phase in recrystallization process is not clear; 
however, because the grain size appears to become equivalent to the 
interparticle spacing, it is postulated that the particles act as nucleation sites. 
As the substructures associated with the B-phase form during processing, they 
reduce the activation energy for recrystallization and aid its onset. 


B. RECOMMENDATIONS 


The recommendations for further research are as follows: 


1. Conduct further image analysis to include the as-rolled condition of pass 6. 


2. Perform a backscattered Kikuchi analysis of the microbands to determine their 
origin. Analysis should include the misorientation of adjacent bands to assess 
whether they are twin related. 


3. Modify the TMP 6 schedule so that long annealing cycles are employed 


through pass 7, and shorter annealing cycles are maintained during subsequent 
passes. 
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APPENDIX A 


TABLE 3: NORMALIZED LENGTH TABULAR DATA 
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Table 4: NORMALIZED ASPECT RATIO TABULAR DATA 


CLASS # ASPECT # # # NORM. % | NORM.% | NORM. % 
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Table 5: NORMALIZED AREA TABULAR DATA 
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